The interference of some specific aqueous two-phase system (ATPS) phase-forming components in bovine serum albumin (BSA) determination by the Bradford method was investigated. For this purpose, calibration curves were obtained for BSA in the presence of different concentrations of salts and polymers. A total of 19 salts [Na 2 SO 4 , (NH 4 ) 2 SO 4 , MgSO 4 , LiSO 4 , Na 2 HPO 4 , sodium phosphate buffer (pH 7.0), NaH 2 PO 4 , K 2 HPO 4 , potassium phosphate buffer (pH 7.0), KH
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The interference of some specific aqueous two-phase system (ATPS) phase-forming components in bovine serum albumin (BSA) determination by the Bradford method was investigated. For this purpose, calibration curves were obtained for BSA in the presence of different concentrations of salts and polymers. A total of 19 salts [Na 2 SO 4 , (NH 4 ) 2 SO 4 , MgSO 4 , LiSO 4 , Na 2 HPO 4 , sodium phosphate buffer (pH 7.0), NaH 2 PO 4 , K 2 HPO 4 , potassium phosphate buffer (pH 7.0), KH 2 PO 4 , C 6 H 8 O 7 , Na 3 C 6 H 5 O 7 , KCHO 2 , NaCHO 2 , NaCO 3 , NaHCO 3 , C 2 H 4 O 2 , sodium acetate buffer (pH 4.5), and NaC 2 H 3 O 2 ] and 7 polymers [PEG 4000, PEG 8000, PEG 20000, UCON 3900, Ficoll 70000, PES 100000, and PVP 40000] were tested, and each calibration curve was compared with the one obtained for BSA in water. Some concentrations of salts and polymers had considerable effect in the BSA calibration curve. Carbonate salts were responsible for the highest salt interference, whereas citric and acetic acids did not produce interference even in the maximum concentration level tested (5 wt%). Among the polymers, UCON gave the highest interference, whereas Ficoll did not produce interference when used in concentrations up to 10 wt%. It was concluded that a convenient dilution of the samples prior to the protein quantification is needed to ensure no significant interference from ATPS phase-forming constituents.
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Aqueous two-phase systems (ATPSs) 1 are generally obtained by mixing two aqueous solutions of different constituents that become immiscible under certain critical conditions such as temperature and concentration. Both phases are composed mainly of water, and each one is enriched in a different component [1] . ATPSs formed by two polymers or by a polymer and a salt represent traditional systems. Nevertheless, other alternative biphasic systems can be obtained by using surfactants, micellar compounds, or ionic liquids. Due to the high percentage of water present in their composition, ATPSs can provide a gentle environment for the extraction and recovery of sensitive biological materials such as proteins. Polymer-polymer ATPSs obtained combining UCON (a random copolymer of 50% ethylene oxide and 50% propylene oxide), polyethylene glycol (PEG), polysaccharide Ficoll, hydroxypropyl starch (PES), dextran, and polyvinylpyrrolidone (PVP) have been successfully used to study the partition and extraction of several proteins [2] [3] [4] . In the same way, ATPSs composed of PEG or UCON combined with different sulfate, phosphate, citrate, and carbonate salts have been reported as suitable for protein partition and extraction [2, [5] [6] [7] . Different methodologies can be used for the quantification of proteins, including spectroscopic methods (some aromatic amino acids, namely tryptophan, tyrosine, and phenylalanine, absorb light in ultraviolet $275-280 nm), chemical methods (e.g., the Kjeldahl method that is based on the determination of the total nitrogen content), and colorimetric methods (based on the reaction between some functional groups of proteins and chromogenic reagents that produce colored complexes). Among these methodologies, the colorimetric method proposed by Bradford [8] is the most currently used for protein quantification in ATPSs, probably due to its sensitivity, rapidity, and simplicity. This assay involves the binding of the Coomassie Brilliant Blue G-250 dye to proteins. In practice, an acidic solution of Coomassie is added to a protein 0003-2697/$ -see front matter Ó 2011 Elsevier Inc. All rights reserved. doi:10.1016/j.ab.2011.12.020 solution, and the absorbance of the resulting mixture is measured at 595 nm and compared with the absorbance of the free dye solution (without protein) [8] .
Previous studies indicated that free dye can exist in four different ionic forms with pK a values of 1.15, 1.82, and 12.40 [9] . Under the acidic conditions of the Bradford assay, only three equilibrium forms are present: the cationic red dye form (maximum wavelength = 470 nm), the neutral greenish dye form (maximum wavelength = 650 nm), and the anionic blue dye form (maximum wavelength = 590 nm). These three forms are found in different fractions, and each one provides a different contribution to the total absorbance of the free dye solution at 595 nm. It was demonstrated that, under the assay conditions, the highest fraction belongs to the red form [9] . On the other hand, there is evidence that the ionic blue dye form (the lowest fraction of the three forms) is the one that binds preferably to proteins [10] . During the assay, it is assumed that the equilibrium among the cationic, neutral, and anionic forms is forced to the anionic side as more proteins are bound to the anion [10, 11] . As a consequence of the binding, a shift in the absorbance peak of the dye solution is observed. The maximum wavelength changes from 470 to 620 nm, the maximum wavelength for the protein-dye complex. However, due to the considerable fraction of green form present at the usual pH of the assay, the wavelength typically chosen to measure the absorbance of the complex is 595 nm [9, 11] . This wavelength represents the best compromise because it maximizes the absorbance due to the protein-dye complex while minimizing the absorbance from the green form [11] . In addition, the protein-dye complex has a higher molar absorptivity at 595 nm than any of the free dye forms.
Apparently, the dye binding process is essentially governed by electrostatic interactions between the ionized sulfonic groups of the dye and the positively charged functional groups of the protein.
Arginine and lysine residues seem to be the places where the dye binds most readily, but binding to some aromatic residues (e.g., tryptophan, phenylalanine) can also be involved, suggesting some hydrophobic interaction between proteins and dye [12] . This behavior may lead to some variations in the quantification of different proteins because the method response depends on the composition of the proteins. Coomassie does not bind to free arginine or lysine, or to peptides smaller than 3000 Da, which can minimize some interference in the sample [13] .
The binding process is fast (<5 min), and the protein-dye complex formed is stable for approximately 1 h [8] . The use of a single reactive and the sensitivity of the dye to small amounts of protein (<5 lg of protein can easily be detected) make the Bradford method widely used for protein determination [14] . On the other hand, it was shown in several studies that the Bradford assay may suffer significant interference from some compounds that may be found in protein samples. Interferences caused by the presence of detergents [15] , drugs [16] , sugars [17] , pharmaceutical polymers [18] , and some reagents and buffers [13] have already been reported in the literature. However, poor information has been reported about the interference of specific compounds used to form ATPSs. Therefore, the current study aimed to identify and minimize the effect of some salts and polymers typically used in ATPSs on the Bradford method.
Materials and methods

Materials Salts
Ammonium Coomassie Protein Assay Reagent and BSA Standard Ampoules (2 mg/ml in a solution of 0.9% saline and 0.05% sodium azide) were purchased from Pierce Biotechnology (USA). Milli-Q water was used for all of the diluting purposes.
Methods
Standard solutions used in all of the calibration curves were obtained after correct dilution of BSA standard ampoules (2 mg/ml). For the BSA standard calibration curve (absent in salts and polymers), as well as for the calibration curves of BSA in the presence of different concentrations of salts (0.5-5 wt%) and polymers (1-10 wt%), the dilutions were prepared in Milli-Q water. Protein determination was carried out by using the Micro Microplate Protocol (working range: 1-25 lg/ml) described in the Pierce Biotechnology instructions and involved adding 150 ll of each standard BSA solution and 150 ll of the Coomassie reagent in the microplate well, with subsequent mixing of the solutions in a plate shaker for 30 s, followed by incubation at room temperature for 10 min and measurement of the absorbance at 595 nm (A 595 ). Each experiment was performed in triplicate, and each standard solution was also measured in triplicate. The average A 595 value (after correction of the corresponding blank) was then calculated.
To estimate the interference caused by the ATPS constituents, the average percentage of variation occurring in A 595 compared with the BSA standard calibration curve was calculated. According to other authors [19] , an A 595 reduction greater than 15% was considered as significant interference in the assay. For all of the average percentages of variation, standard deviations below 5% were obtained.
Results and discussion
Several concentrations of salts and polymers had considerable effects in the BSA calibration curve obtained by the Bradford microassay method. In fact, only a few salts and polymers could be considered as noninterfering, as discussed in the following sections.
Salts
A large number of the salts presented considerable interference in the Bradford method when in concentrations above 0.5 wt%, and nearly all of them showed interference when in concentrations above 1 wt% (Table 1) . A concentration value of 2 wt% was the maximum possible to be tested for nearly all of the salts due to the high interferences observed with the exception of the most acidic salts (C 2 H 4 O 2 and C 6 H 8 O 7 ), which could be evaluated in a concentration up to 5 wt%. The differences observed can be related to the nature of the salts, namely to their acidic or basic behavior. As the Bradford assay taking place in acid conditions, the addition of a salt with the ability to modify the pH of the dye solution may compromise the method response. A variation on the pH of the assay will change the composition of the dye solution given that different ionic forms can be present, and this will affect the dyeprotein binding and the A 595 values as a consequence. Therefore, the presence of basic salts has a larger influence on the BSA calibration curve than does the presence of acidic salts. Such a fact was observed in the current study, where smaller interferences were found for the most acidic salts ( Table 1) .
The carbonate salts NaHCO 3 and Na 2 CO 3 caused A 595 reductions greater than 15% when present in a concentration of 1 wt% (Fig. 1) ; however, A 595 reductions caused by Na 2 CO 3 were more significant than the reductions caused by NaHCO 3 . The typical reaction between carbonate and acid was followed by the production of effervescence. For concentrations above 1 wt%, no results were obtained due to the strong effervescence produced.
Very similar interference was caused by the formate salts NaCHO 2 and KCHO 2 (see Fig. 1S in supplementary material) , suggesting that the results were not dependent on the cation present in this kind of salts. In both cases, A 595 reductions greater than 15% were obtained when more than 1 wt% salt was present. On the other hand, slight changes in the calibration curve were observed according to the cation present in the sulfate salts [Na 2 SO 4 , (NH 4 ) 2 SO 4 , MgSO 4 , and Li 2 SO 4 ] (Fig. 2) . For example, for (NH 4 ) 2 SO 4 the increase in salt concentration produced a gradual reduction in A 595 , whereas for Na 2 SO 4 and Li 2 SO 4 a greater reduction in A 595 was observed when using between 1 and 2 wt% salt. MgSO 4 showed similar A 595 reductions in the presence of 0.5 or 1 wt% salt. In brief, all of the sulfate salts showed interference when used in concentrations above 1 wt% except (NH 4 ) 2 SO 4 , which showed interference when in concentrations above 0.5 wt%. In addition, the interference produced by the other sulfate salts in a concentration of 1 wt% was very similar (A 595 reduction of $15%), whereas for (NH 4 ) 2 SO 4 the interference was more pronounced (A 595 reduction of 25%).
Similar profiles of interference were observed when comparing sodium and potassium phosphate salts (see Figs. 2S and 3S in supplementary material). In all of the cases, salt concentrations of 0.5 wt% gave A 595 reductions less than 10%. However, for concentrations above 0.5 wt%, the interference in the BSA curve increased as follows: hydrogen phosphate > buffer (pH 7.0) > dihydrogen phosphate. This could be due to some variations in the pH of the assay caused by the addition of the salts. Na 2 HPO 4 , NaPB, K 2 HPO 4 , and KPB showed interference when in concentrations above 0.5 wt%, whereas NaH 2 PO 4 and KH 2 PO 4 showed interference only when in concentrations above 1 wt%. An analogous behavior was observed for citrate salts [C 6 H 8 O 7 , citrate buffer (pH 4.5), and Na 3 C 6 H 5 O 7 ] . In this case, the interference in the BSA curve increased as follows: Na 3 C 6 H 5 O 7 > citrate buffer (pH 4.5) > C 6 H 8 O 7 (Fig. 3) . Once more, variations occurring in the pH of the assay could be a possible justification for this fact. The results revealed that Na 3 C 6 H 5 O 7 caused interference when in concentrations above 0.5 wt%, whereas citrate buffer (pH 4.5) produced interference only when in concentrations above 1 wt%. For C 2 H 4 O 2 , no significant interference was observed up to the maximum concentration tested (5 wt%).
The presence of acetate salts (C 2 H 4 O 2 and NaC 2 H 3 O 2 ) gave the same profile observed for citrates (Fig. 4) . Probably due to the changes caused in the pH of the assay, NaC 2 H 3 O 2 produced much more interference than C 2 H 4 O 2 . NaC 2 H 3 O 2 presented great interference when in concentrations above 0.5 wt%, whereas C 2 H 4 O 2 showed no interference up to the maximum concentration value tested (5 wt%). Furthermore, among all of the salts, C 2 H 4 O 2 was the one that produced the lowest interference (A 595 reduction of 5% when 5 wt% salt was present).
Polymers
The polymers investigated in the current study produced lower interference than most of the evaluated salts (Table 2 ). In addition, the A 595 reduction observed for the maximum polymer concentration tested (10 wt%) was comparable to that obtained for the maximum concentration tested for most of the salts (2 wt%). As a whole, nearly all of the polymers showed interference on the Bradford method, as discussed below.
PEG is one of the most used polymers in ATPSs because it can form biphasic systems with both other polymers and salts. In this work, three different PEG polymers (4000, 8000, and 20000) were used to evaluate the influence of the molecular weight in the BSA calibration curve. However, no differences were found for the PEG concentrations tested (see Fig. 4S in supplementary material) . In the three cases, interference was detected only for the maximum polymer concentration tested (10 wt%), with an A 595 reduction of approximately 30%. Barbosa and coworkers [19] did not find relevant differences in the calibration curve when 10 wt% of PEGs with different molecular weights (600, 1000, 3350, and 10000) were present. According to these authors, interference was observed only for polymer concentrations of 20 wt%, and the A 595 reductions obtained for a concentration of 10 wt% corresponded to half of the value obtained in the current study. These differences could be related to the preparation of the BSA sample, which was prepared in Millipore water in the current study and in 5 mM Tris-HCl buffer (pH 7.5) in the other work.
When comparing the polymers Reppal PES and UCON, it was observed that, in spite of being chemically different compounds (UCON is a random copolymer composed of 50% ethylene oxide and 50% propylene oxide, whereas Reppal PES is a hydroxypropyl starch) and having different molecular weights (100000 for Reppal PES and 3900 for UCON), these polymers provided similar interference in the BSA calibration curve (see Fig. 5S in supplementary  material) . In both cases, interference was detected when the polymer was present in a concentration of 5 wt%. For 2 wt% polymer, A 595 reductions between 8% and 14% were obtained, which did not significantly influence the protein determination.
The interference caused by PVP is shown in Fig. 5A . For a 2 wt% concentration of this polymer, A 595 reductions of 5% were obtained (no interference). However, for higher concentration values, the A 595 reductions increased and interference was observed. On the other hand, no interference was observed for Ficoll up to the maximum concentration value tested (10 wt%; see Fig. 5B ). Similarly, Banik and coworkers [17] reported interference of the Ficoll polymer in the BSA determination by the Bradford assay only when present in ion concentrations above 10 wt%. Interference is connected to the ability of the sugars to compete with proteins for binging and sequestering the Coomassie dye. This phenomenon may cause significant deviations in protein estimation if it is not taken into account during the calculation of the protein concentration. In the current study, Ficoll was tested in concentration values lower than those reported by Banik and coworkers, and the polymer produced A 595 reductions less than 2% for all of the concentrations tested. 
